of the Bhabhatron-II are of block type; therefore there is the possibility of upgrading the units with multileaf collimators by replacing either pair of jaws.
In India, the Atomic Energy Regulatory Board (AERB) ensures that the unit complies with national/international standards before granting type approval certificate to the manufacturer. It is mandatory that, before the unit is used for clinical applications, it shall comply with various standards such as electrical, mechanical, dosimetric, and radiation safety. In this paper, the results pertaining only to radiation safety of the Bhabhatron-II telecobalt unit are reported. Other tests such as electrical, mechanical and dosimetric are beyond the scope of this paper. The radiation leakage measurements with beam ON/OFF and during source transition were performed following the requirements of the International Electrotechnical Commission, (5) and national requirements as stated in RPAD/telegamma/QA/01. (6) To obtain the measurements, four different dosimetric devices were used: thermoluminescent dosimeters (discs and powder), 0.65 cc Farmer-type ionization chamber (Scanditronix, model FC65), and radiographic films. The results of the study were useful not only for the manufacturer in modifying the telecobalt unit but they also helped in ensuring compliance with the prevailing standards.
Following the IEC 60601-2-11 requirements, the conditions noted below shall be satisfied as far as radiation leakage/transmission is concerned. (5) A. Protection of the patient against radiation outside the radiation beam
A.1 Leakage radiation through beam limiting devices (secondary collimator) during irradiation
In the case of beam ON position, beam limiting devices are used to attenuate the radiation so that the absorbed dose at the normal treatment distance (NTD) anywhere in the area protected by the beam limiting device shall not exceed 2% of the maximum absorbed dose for a 10 cm × 10 cm radiation field measured on the radiation beam axis at the same distance. For equipment in which the maximum field size of the radiation beam exceeds 500 cm 2 at NTD, the following additional limits shall be applied for collimator transmission.
For square fields of any size, the product of the average absorbed dose due to leakage radiation through the beam limiting devices and the maximum area able to be protected by the beam 
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Display of set parameters inside the room TFT monitor provided a Jaws are can be closed to 0 cm × 0 cm physically; however inter-jaw transmission (radiation) is observed by exposing the therapy verification film. The major difference between the Bhabhatron-II unit and a commercially available telecobalt unit is in secondary collimator design. The design of secondary collimators of the Bhabhatron-II telecobalt unit is block type, whereas those of commercially available telecobalt units are multi-vein type.
limiting devices shall not exceed one-tenth of the product of the maximum absorbed dose on the radiation beam axis and the area of the radiation beam for a field size of 10 cm × 10 cm. If M is the maximum area able to be protected by the beam limiting devices (here secondary collimator) in cm 2 and DL is the average absorbed dose due to the leakage radiation through the beam limiting devices then: DL × M <1/10 × maximum absorbed dose for 10 cm × 10 cm field size × area for 10 cm × 10 cm
(1)
All the values of absorbed dose and area are referred at NTD.
A.2 Leakage radiation outside the maximum radiation beam
The telecobalt head shall be provided with protective shielding which shall attenuate the radiation while the source is in transition or in the fully ON position, sufficient to satisfy the following conditions:
i) In a plane circular surface of radius 2 m centered on and normal to the radiation beam axis at NTD and outside the area of the maximum radiation beam area, the absorbed dose rate due to leakage radiation shall not exceed a maximum of 0.2% and an average of 0.1% of the maximum absorbed dose rate measured at the point of intersection of the radiation beam axis and the plane surface for a 10 cm × 10 cm field. ii) The absorbed dose rate due to leakage radiation measured at a distance of 1 m from the radiation source shall not exceed 0.5% of the maximum absorbed dose rate on the radiation beam axis measured at a distance of 1 m from the radiation source.
B. radiation safety for persons other than patients

B.1 Stray radiation in the beam off position
The protective shielding shall attenuate the radiation such that with the beam control mechanism in the beam OFF position, the absorbed dose rate due to stray radiation (including radiation from radioactive material other that the radiation source) measured at a distance of 1 m from the radiation source shall not exceed 20 µGy/hr. Measurements shall be the average value obtained over a surface area ≤100 cm 2 . Also at any readily accessible position, 5 cm from the surface of the protective shielding, the absorbed dose rate due to stray radiation shall not exceed 200 µGy/hr and the measurements shall be the average value obtained over a surface of area ≤10 cm 2 .
C. relative surface dose
The relative absorbed dose at 0.5 mm depth on the radiation beam axis with normal treatment distance of 80 cm (for Bhabhatron-II telecobalt) shall not exceed: i) 70% of absorbed dose at 5 mm depth for 10 cm × 10 cm radiation field size, and ii) 90% of absorbed dose at 5 mm depth for maximum radiation field size available (i.e. 35 cm × 35 cm).
II. MAtErIALS And MEtHodS
For evaluation of radiation leakage and relative surface dose measurements, the dose rate of the machine at depth of maximum dose for various field sizes is required. Dose rate was measured using calibrated Farmer-type ionization chamber (FC65) with electrometer supplied by Scanditronix in water phantom 30 cm × 30 cm × 30 cm. To find the point of maximum radiation leakage, radiographic films were used in beam ON and OFF conditions.
A. Evaluation of collimator transmission
A radiographic film was placed in the plane normal to the radiation beam axis at the normal treatment distance by setting X collimators for minimum field size and Y collimators for maximum field size so that transmission occurred only through the pair of X collimators. Similarly another radiographic film was exposed by setting Y collimator for minimum field size and X collimator for maximum field size. The exposed radiographic films were evaluated to locate the point of maximum leakage radiation through the X and Y collimators in source ON condition. For the measurement of absorbed dose due to collimator transmission (radiation leakage), CaSO 4 :Dy (0.05 mole %) teflon embedded thermoluminescent (TL) discs (7) (having a thickness of 0.8 mm and a diameter of 13.3 mm) with 5 mm buildup of virtual water were used at the point of maximum -as well as uniform -radiation leakage points.
As the maximum square field size of radiation for this machine is 35 cm × 35 cm, which is more than 500 cm 2 , an additional condition of collimator transmission measurement must be applied. In this case, for the measurement of average absorbed dose due to leakage radiation through the beam limiting devices, 12 points were chosen. These points were: four points located on the two major axes at a distance of 1/3 R from the radiation beam axis, and eight points located on the two major axes and on the two diagonals at a distance of 2/3 R from the radiation beam axis. All values of the absorbed dose and area are referred to the NTD (see Fig. 1 ). The parameter R is {(17.5/2) 2 + (17.5/2) 2 } 1/2 = 24.75 cm, which is the radius of the circle covering the maximum definable square field size (i.e. 35 cm × 35 cm). The TL dosimeters were placed with 5 mm buildup of virtual water. All values of the absorbed dose and area are referred to NTD.
B. radiation leakage measurements in the patient plane
A circular plane of radius 2 m centered on and normal to the central radiation beam axis at the normal treatment distance (NTD) and outside the area of the maximum radiation beam is called patient plane. (8) CaSO 4 :Dy TL discs were placed with 5 mm buildup of virtual water at the 16 test points as defined in Fig. 1 for radiation leakage measurement in the patient plane.
C. Measurement of the radiation leakage in other than patient plane
Following IEC-60601-2-11 requirements, it is tedious to locate the 13 test points distributed evenly on the sphere of radius r (here r = 1 m) with source at the center of the sphere as explained in Fig. 2 . However, these points can be easily located if the coordinates of the points measurement are known in terms of Cartesian co-ordinates. As Fig. 2 , we have three great circles -E1-E2-E3-E4, P-E2-Q-E4, and P-E3-Q-E1 -which are perpendicular to each other and pass through the center of the sphere. Points P and Q are the poles of the sphere. PQ is the central axis of the radiation beam. The equator is equally divided into four points by the great circles P-E2-Q-E4 and P-E3-Q-E1 passing through poles P and Q. This creates eight identical spherical triangles. If A (x, y, z) can be any point on the spherical triangle E2-E3-P and A′ can 
Similarly, one can also locate the centers of the other seven spherical triangles. The TL discs were irradiated with 5 mm buildup of virtual water at the above test points, including 4 test points E1, E2, E3, E4 on the equator and one on the pole P.
d. Leakage radiation from the source head in source oFF condition Radiographic films were wrapped around the unit head to locate the point of maximum leakage radiation in the source OFF condition (source parking position). For the measurement of absorbed dose due to radiation leakage through the head, TL discs with 5 mm buildup of virtual water were used at the point of maximum radiation leakage (5 cm from the accessible surface and at 1 m from the source in source OFF position) and irradiated for 36 hours in order to achieve better statistical accuracy of the measurement (as the radiation leakage rate is very low). The linearity of the TL dosimeters was checked up to 5Gy for exposures carried out using 60 Co source. It was found that the graph of absorbed dose versus TL output was linear within the ±3%. All the irradiated TL discs were read on a calibrated hot gas TLD reader. (9) E. relative surface dose Following IEC-60601-2-11 requirements, relative surface dose needs to be measured at the water equivalent depth of 0.5 mm. The dose measurement of the dose buildup region is tedious (10) (11) because of the steep dose gradient and, therefore, the dosimeter thickness should be extremely thin. For this purpose, the TL phosphor of average grain size less than 40µ was used. The absorbed dose was measured on the radiation beam axis with a source-to-surface distance of 80 cm by placing the CaSO 4 :Dy TL phosphors with 0.5 mm water equivalent buildup. The measurements were carried out using a 30 cm × 30 cm × 20 cm solid water phantom. The TL phosphor was irradiated for both 10 cm × 10 cm irradiation field size and also for maximum irradiation field size (i.e. 35 cm × 35 cm). The irradiated phosphor was read on a calibrated TL reader and the reproducibility of measurements was better than ±1%. From Table 2 , it is evident that the maximum collimator transmission is 2.1% through the X collimator and 1.5 % through the Y collimator of the maximum absorbed dose NTD for a 10 cm × 10 cm field size. Thus we observe that collimator transmission except through one of the X collimators (upper jaw), which marginally exceeds the limit, are within the permissible limit (2%). The high value of the X collimator transmission is probably due to nonuniformity of the material density during manufacturing † . Additional tests for collimator transmission shows (see Table 3 ) the average absorbed dose due to leakage radiation is 0.259 cGy/min and the absorbed dose rate measured for 10 cm × 10 cm open radiation field size at depth of maximum dose with SSD 80 cm (source-to-surface distance = 80 cm) is 177.10 cGy/min. By using the above values, it has been found that inequality (1) is satisfied. a Percentage radiation leakage of the maximum absorbed dose rate for a 10 cm × 10 cm radiation field measured on the radiation beam axis at source to surface distance 80 cm. a Percentage radiation leakage of the maximum absorbed dose rate for a 10 cm × 10 cm radiation field measured on the radiation beam axis at source to surface distance 80 cm † After review of the above results, comprehensive quality control of the material (used for collimators) during manufacturing was ensured which brought down the transmission through X collimator to 1.5% (maximum value). At present seven Bhabhatron-II telecobalt units complying the IEC standard (IEC-60601-2-11) and other national requirement are operating successfully at various radiotherapy centers in India.
III. rESuLtS And dISCuSSIon
A. Collimator transmission
B. Leakage radiation in the patient plane
From Table 4 , we find that the maximum radiation leakage is 0.019% and an average radiation leakage is 0.0097% of the maximum absorbed dose at NTD for 10 cm × 10 cm radiation field size. Thus the results obtained are well below the permissible limit of a 0.2% maximum and a 0.1% average radiation leakage of the maximum absorbed dose at NTD for 10 cm × 10 cm radiation field size. 
C. radiation leakage in other than patient plane
We observe from Table 5 that the maximum radiation leakage is 0.026% of the maximum absorbed dose at 1 m from the source. The result shows that it is well below the permissible limit 0.5% of the maximum absorbed dose at 1 m from the source. d. radiation leakage from the source head in source oFF condition From Table 6 , it is seen that the radiation leakage levels at 1 m from the source and at 5 cm from any accessible surface were found to be 18.4 µGy/hr and 132.2 µGy/hr, respectively, for maximum rated capacity of the source head. Thus the values are within the permissible limits of 20 µGy/hr at 1m from the source and 200 µGy/hr at 5 cm from any readily accessible surface.
Further, from the design data of the machine, the minimum distance of the test point at 5 cm from the surface is 31.8 cm from the source (OFF position). In Table 6 , the leakage radiation level at 1 m from source is observed to be18.4 µGy/hr whereas the leakage radiation level at 5 cm from the surface is 132.2 µGy/hr. It is worth mentioning that the leakage radiation level at 5 cm from the surface comes out to be 13.4 µGy/hr if inverse square law is applied to the value of the leakage radiation at 1 m. This deviation may arise due to the presence of scattered radiation. 
E. relative surface dose
The relative absorbed dose at 0.5 mm depth on the radiation beam axis with normal treatment distance 80 cm for 10 cm × 10 cm and 35 cm × 35 cm field sizes were found to be 63.6% and 79.2%, respectively. These findings are: i) below 70% of absorbed dose at 5 mm depth for 10 cm × 10 cm irradiation field size, and ii) below 90% of absorbed dose at 5 mm depth for the maximum irradiation field size available (i.e. 35 cm × 35 cm). Further, from Tables 4 and 5 , it is seen that leakage radiation levels at the different points in the same plane at NTD perpendicular to central axis are different because of the head design leading to different thicknesses of the intervening material (TVLs) between the source and the point of measurements. But the maximum leakage radiation observed is within the permissible limit.
The results of the above study have also served as a guideline for the commissioning of other units of the same model. Similar tests carried out for other units were satisfactory. Furthermore, as previously stated, the majority of the telecobalt units being used in our country are imported and, therefore, require comprehensive tests pertaining to radiation leakage/transmission as well as other tests such as dosimetric, mechanical, and electrical. On comparing the data (see Table 7 ) of the test results pertaining to radiation safety of the Bhabhatron-II with the imported units (mostly supplied by Theratronics International Ltd.), we found that the Bhabhatron-II telecobalt unit is as good as any imported unit. Hence the above study has helped the manufacturer to have confidence in the design and production of the Bhabhatron-II model on commercial scale. a Percentage radiation leakage of the maximum absorbed dose rate for a 10 cm × 10 cm radiation field measured on the radiation beam axis at source to surface distance 80 cm. b Percentage radiation leakage of the maximum absorbed dose rate measured on the radiation beam axis at 1 m distance.
IV. ConCLuSIonS
From this study, it has been found that:
1. Collimator transmission is within 2% of the maximum absorbed dose at NTD for 10 cm × 10 cm radiation field size. The exception is through one (2.1%) of the X collimators (upper jaw), which marginally exceeds the limit (2%) but is still within permissible limits. 2. The maximum radiation leakage in the patient plane is 0.019% (limit 0.2%), and an average radiation leakage is 0.097% (limit 0.1%) of the maximum absorbed dose at NTD for 10 cm × 10 cm radiation field size. 3. The maximum radiation leakage was found to be 0.026% (0.5%) of the maximum absorbed dose at 1 m from the source in other than the patient plane. 4. The radiation leakage rate at 1 m from the source and at 5 cm from the any other accessible surface are 18.4 µGy/hr (20 µGy/hr) and 132.2 µGy/hr (200 µGy/hr), respectively, for maximum rated capacity of the source head. 5. The relative absorbed dose at 0.5 mm depth on the radiation beam axis with normal treatment distance 80 cm for 10 cm × 10 cm and 35 cm × 35 cm radiation field sizes were found to be 63.6% (70%) and 79.2% (90%), respectively.
In view of the above, it is stated that all the radiation leakage/transmission parameters are within the tolerance limit specified by the relevant IEC standard, except the collimator transmission through one of the X collimators (upper jaws) which marginally exceeds the tolerance limit.
The above study was helpful to the regulatory body (AERB) for evaluating and approving the type of unit specified in this paper.
